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This paper presents a comparison of a single nozzle and a dual nozzle strut based ejector. The results are
focused on the fluid praperties in the ¢jector duct. The rescarch focused on choking mechanisms, mass flow
entrainment, and mixing duct pressure distributions. The two ejectors were tested at equivalent primary
mass flow rates. This corresponds to chamber pressures ranging from 100 psi. to 900 psi in the single nozzle
strut and 30 psi to 450 psi in the dual noszle strut. Secondery flow was drawn from the lsb at atmospheric
pressure, and was not controlled. The secondary flow was found te choke at a valwe of 2.3 Ib/s for a primary
mass flow rate of approximately 2.1 Ib/s for both ejectors, This choke was belleved to be a mass addition
choke rather than a traditional scrodynamic choke. The mixing duct prossure distribution exhibited two
distinct trends a “low pressure® trend and a “high pressure” trend. For the low pressure trend, the mixing
length for the ejectors rewmained fixed around 20 inches, regardiess of the chamber pressure. For the higher
pressure trend, the mixing length was considerably longer and increased with increasing chambor pressure.
At high chamber pressures (high mass flow rates), a supersenic core flow was presoat at the exit of the duct.
For these cases, the two flow streams did not have time to mix by the end of the duct.
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1. Introduction

ombined Cyele Propulsion (CCP) technology shows promise for next generation launch vehicles.' Since a

combined cyele engine incorporates aeveral modes of engine operation into the same flow path, the optimum

puibmmmodembeuhhndmaehﬂnahmm@ A typical Rocket Based Combined Cycle (RBCC)
engine would operate in a rocket or ducted rocket mode for takeoff and initial acceleration to about Mach 2.3,
mmmmmm@mmmmmwmmmmm Awwm&&wamet
operation is unrealistic, and the engine would operate as a pure rocket to accelerate into orbit.
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The Strutjet’ is one of the RBCC systems under considoration. This engine consisis of a variable geometry duct
with vertical engine struts mounted internally. Each strut has several rocket nozzles embedded within it. The
ongine operaks in the four modes disoussed earlior: ducted rocket, ramjet, scramjet, and pure rocket. In the
airbreathing modes, atmoapheric air is ingested into the inlet and flows between the struts into the mixing section.
The air oxidizer i3 mixed with the fuel rich rocket exhaust and combusted. The combustion products are accelerated
through an exit nozzle to provide the thrust,

A fundamental understanding of ¢jector physics is an enabling technology t© realize an operational RBCC

propulsion system. Past theoretical and experimental ejector studies have considered one-dimensional,
axisymmetrio, or at best two-dimensional geometries. Cqmeptasmhasthe Strutjet use a complex asymmetric,
three-dimensional flow path. The University of Alabama in Huntsvxlle (UAH) Propulsion Research Center (PRC)
hwmmomm&m&&amﬂmmmm performance in terms of mass flow entrainment
and stream mixing. This study will help guide design of fumre RBCC systems and provide valuable data for

I1, Facllity Description

TheUAHPRCcoldﬂowqectwfmh&wumgmﬂydmgmdtonmmah&eﬂowpa&ofﬂw&mpt&uﬂﬂ
oomepi As shown schematically in Figure 1, the flow path consists of a rectangular cross section duct 4.5 in. wide
by 3 in. tall. An elliptically contoured converging inlet is located on the front end of the duect to provide uniform
airflow from the laboratory. A single strut is installed in the duct approximately 23 inches downstream of the inlet.
The PRC has been experimenting with two struts, a single nozzle strut and a dual nozzle strut. The struts, shown in
Fig. 2, have identical rectangular oross sections 1 inch wide by 7 inches tall. Rocket nozzies are embedded in the
struts to provide the primary flow stream for the system. These nozzles have identical geometries with area ratios of
approximately 4.66 and transition from a oirowlar throat 1o a square exit. The dual nozzle strut also has a turbine
exhaust slit approximately 0.094 in wide located between the two rocket nozzles, For thin series of testing, the slit
was not wtilized, and was therefore filled.

bevyom Mot Flow Direction

Figure 1. UAH Strut Ejector Flow Path (Not to Scale)  Figure 2. CAD Drawings of Dual and Siagle
Nozzle Struts

The PRC ¢jector facility is shown in Fig. 3. The facility consists of two air tanks with a combined volume of
524 cublio feet, 1.25 in. stainless steel supply tubing, & PID centroller to regulate chamber pressurs, and the duct. A
single strut is installed in the duet for a particular tost. The duct exits into a constant area sheet metal diffuser that is
open to the laboratory, An array of 48 static pressure taps are located along the centerlines of the top and side walls
of the duet. The taps are spaced 0.5 inches apart for the first 10 inches, and 1.0 inch apart for 28 inches that follow,
Ten static pressure taps are located on the centerline of the sidewall in the strut gap region of the duct. This region
is located upstream of the rocket nozzle exit plane between the strut and the sidewall of the duct (see Figure 1). An
aerodynamic fairing is located on the upstream end of the strut to provide uniferm flow in the strut gap region. A
Pitot-static probe is embedded in this fainng to measure the stagnation and static pressure of the secondary (induced)
flow. A Pitot-static probe is also located at the exit plane of the duct. This probe measures the stagnation and the



slatic pressure of the presumed fully mixed flow at the exit of the duct. The probe is mounted to a traversing
mechanism, so the pressure can be recorded at various positions across the exit plane.

Figure 3. UAH PRC Ejector Fadlity

A pressure tap is also located in the chamber of the rocket nozzle to measure the chamber pressure of the rocket,
The chamber pressure measwrement ia connected 0 a foedback loop of the PID controller to maintain a relatively
constant chamber pressure for the experiment. In addition to the pressure instrumentation of the duet, two
thermocouples are located in the duet. One measures the temperature of the rocket chamber, and the other measures
the temperature of the secondary air stream. An outside barometer/thermometer is used to measure the atmospheric
pressure and temperature in the lab at the time of each test.

IIL. Previous Resecarch

The UAH PRC has an ongoing research program 0 characterize asymmetric ejector performance and fluid
mechanics. The initial studies were foocused on the mixing between the rocket and turbine exhausts with the
ingested air** using laser induced florescence for flow visualization. The study examined the mixing as a function
of the ratio of chamber pressure to turhine oxhaust pressuro. A complimeniary study was performed to examine the
rocket induced flow field in the rectangular duct for the dual nozzle strut.® The induced airflow as & function of
primary rocket flow rate was measured. Pitot pressure traverses were used to examine the expansion rate of the
rocket and turbine exhaust plumes, and assess mixing losses. Pressure traverses were also made in the strut gap
region where the secondary flow choke was believed 1o occur. At the time of these studies, the instrumentation was
limited.

The facility was refurbishod after this initial series of tests. Additional pressure taps were added along the top
and sidewalls of the mixing duct and in the strut gap region. A series of lesiz on the single nozzle strul were
performed to oxamine details of the choking and mixing process.”* This work was recently extended to higher
pressures and was presented at the 2003 Joint Propulsion Conference.” Reference 9 included data from a limited

number of tests. This paper presents data from additional single nozzle tests, as well as a complete set of dual
nozzle tests.

IV. Test Procedure

For each test series, the storage tanks are pressurized to 2500 pai to enaure that a complete set of chamber
pressures can be tested. When the test begins, the chamber pressure of the rocket nozzle is established at one of the
desired (set) prossures, and measurements are taken along the duct. When ten measurements of each of the top wall
and sidewall pressare taps have been taken, the chamber pressure is ramped up or down % the next set pressure.
Tosts have been performed in steps of increasing chamber pressure and in steps of decreasing chamber pressure to



assess any hystoresis effects. For tests examining the mixing duct pressure distribution, the test is run for a period of
time long enough for 10 measurements to be taken at cach of tho 48 pressure taps elong the top and side wall, A
mochanical soani valve is used o record pressure measwrerent at a given tap and then move to the next postion
along the mixing duct, Each tests requires approximately 2 minutes of flow time to complete the 10 eyles. For the
pressure distribution, mass flows, Mach number, and strut gap pressure results, the data presented consist of average
values from ten separate tests, For pressure traverses across the exit, traces were taken at five different locations
from the centerline o the top wall. The traverses consist of movement from the oenter of the duct to the side wall.
The probe was stopped in 11 distinct locations and took 15 measurements at each stop. This data was then averaged
at oach position, to create the plot.

V. Results

A. Mass Flow

For RBCC applications, the sccondary flow mass entrainment is a eritical aspect of the air breathing portions of
flight. The mass flow of the secondary air as a fumetion of chamber pressure is critical in establishing mixture ratios
for engine operation and the amount of onboard oxidizer that will be required. For the current experimental
apparatus, secondary mass flow is caloulated from the stagnation and static pressures measured by a Pilot-statie
probe upstream of the strut, and from the inlet temperature of the flow. With the area of the duct at the measurement
locations known, the mass flow is caloulated according to
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This equation is based on idealized flow. Geometry effects of the rectangular duct inlet are not included. The
mass flow of the primary stream is cakulated based on the assumption that the flow is choked at the throat of the

rocket nozzle using the equation
P r
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where the chamber pressure is specified for the test, and the chamber temperature is measured by a thermocouple in
the rooket chamber. Figure 4 shows the variation of both primary mass flow and secondary mass flow plotted
against the chamber pressures for both the single and dual nozzle strut.
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Figure 4 Sccondary and Primary Mass Flow (Dual and Single Novzle)

As can be seen in the figure, the secondary flow for both the single and dual nozzle appears to reach &
maximum at a mass flow of around 24 Ib/s. For the single nozzle this occurs at a chamber pressure of
approximately 600 psi, for the dual nozzle, this ocours around 300 psi. Since the nozzle exit area for the dual nozzle
is twice that of the dual nozzle, the maximum secondary flow ocours around the same primary mass flow for both
struts. This corresponds to a primary mass flow of appriximately 2.1 Ib/s. This can be seen more clearly in
Figure 3, which shows the secondary mass flow plotied agianst primary mass flow for both nozales.
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Figure § Secondary Mass Flow versus Primary Mass Flow (Dual and
Single Nezzke)

Figure 5 indicates that the maximum secondary mass flow ocours near the same primary mass flow. This
indicates that the secondary flow is a function of momentum rather than exit pressure of the nozzle. The choke
which occurs is more likely a mass addition choke than a geometric choke as identified by Fabri'®. Also noticeable
in Figure 3 is that the secondary flow for the dual noazle is in general shightly less than that of the single nozzle for
the same primary mass flow rate until the choke is reached,




Mass flow entrainment is another important parameter in RBCC applications. Thix quantity is the amount of
secondary flow that can be induced for a given primary mass flow. Figures 6 and 7 show mass flow entrainment
using a parameter called the suction ratio, which is caloulated by

,
o= 3)
I ©)

sthemomymuﬂownﬁuhﬁpn‘maxymssﬂow. Figure 6 shows the suction ratio plotted
against the ratio of the nozzle chamber predsure to the secondary flow stagnation pressure (atmospheric pressure).
Figure 7 shows the suction ratio plotted against primary mass flow rate,
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Figure 6 Suction Ratio Versus Pressure Ratie Figure 7 Suction Ratio Versus Primary Mass Flow
(Single and Dual Nozzles) (Single and Dual Nozzles

B. Mach Numbers

The Mach number of the secandary flow upstream of the strut and the presumed mixed flow at the exit of the
duot were next evaluated. Total and static pressures were measured upstream of the strut for the secondary flow and
in the center of the duct exit for the mixed flow. The resultant Mach numbers were determined from the ratios of the
measured total and static pressures. Two separate equations must be used depending on whether the flow is sonic ar
subsonic. For the subsonic flow ahead of the strut the Mach number M is calculated by
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and y is the ratio of specific heats (equal to 1.4 for air),

The duct exit flow could be subsonic or supersonic. When the flow is subsonie Bq. (4) is wsed. When the flow
is supersonic, then a shock will form in front of the blunt probe, The stagnation pressure measured by the probe will
be total pressure on the downstreara (subsonic) gide of the shock wave (Po2). For such a case the free stream flow
Mach number (M,) is derived from the pressure measurements by using
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In this equation, P, is a static pressure measured on the upstream (free stroam) side of the shock. In the present
experiments, a static pressure on the sidewall of the duoct at the exit plane is used for the static pressure, and the
staghation pressure is measured with a Pitot probe in the center of the exit plane. To pick which equation is
required, the ratio of the stagnation pressure to static prossure is determined, If this ratio is less than 1.89, then the
flow is subsonie, and Eq. (4) iz used. If the pressure ratio is greater than 1.89, then the flow will be sonie, a shook
will form in front of the probe, and Eq. (5) must be used.

Figure 8 shows the Mach numbers of the secondary flow and the mixed flow at the duct exit for both the single
and dual nozzle struts at each of the studied chamber prossures. For all tosts the secondary flow Mach number
reached a constant value of approximately 0.28 at a primary chamber pressure of approximately 600 psi for the
single nozzle strut and a chamber pressure of approximately 300 psi for the dual nozzle strut. This is consistent with
the secondary mass flow choking indicated in Figs. 4 and 3. For the single nozak strut, the Mach number at the duot
exit increased to a value of approximately 0.625 where it began to level off around a chamber pressure of 600 pai.
As chamber pressure inoreased further, the Mach number bogan to increase again. For chamber pressures of 300
and 900 psi the exit pressure measuroments indicated that the flow was supersonic. For the dual nozzle strut, the
same trend appears. The exit Mach number remains subsonic for chamber prossures of 350 of lower. Although the
data does not appear to level off as the single nozzle does, the plot shows & jump to supersonic flow for chamber
pressures above 400 psi. The mixing duet pressure profiles shown later will indicate this is because the secondary
flow has not fully mixed with the supersonic core of the primary jet at these conditions.

Figure 9 shows the inlet and exit Mach numbers plotied against primary mass flow. Again, as noted earlier, an
equivalent primary mess flow for the dual nozzle strut corresponds to half the chamber pressure in the single nozzle
strut. In the figure it is evident that the secondary flow chokes at a mass flow of approximately 2.3 lb/sec for both
the dual end single nozzle. In Figwe 9, it can also be scen that the flow goes from subsonic to supersonic at
approximately the same primary mass flow rate. This indicates that the momentum effects present in the ejector
system are the driving influence in the flow features and the pressure offocts have less impact. The highest mach
number reached for the dual nozzle flow was approximately 1.3, while the highest mach number for the single
nozzle strut was approximately 1.1,
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Chamber Prossure (Single and Dual Noazles)
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C. Strut Gap Pressures

While the plots of Figures 4 and 5 and Figures 8 and 9 indicate that the secondary flow becomes choked, these
plots do not indicate the type of choke which ocours. In a confined ejector system like the fieility at the PRC there
are two primary means of choking the secondary flow as shown in Fig. 10. When a flow is restricted by & minimum
geometric area (such as the throat of a nozale), it may choke at that point. The maximum mass flow that may pass
down the duet i limited to the maximum mase flow that may pass through that restriction. This type of choke is
referred to as an aerodynamic chake. The other type of chake, a mass addition or Fabri ohoke'"!, is caused by the
restricting of the secondary flow between the outer duct wall and the expanding plume of the primary jet. The
secondary flow is still not fully mixed with the primary flow and is acting independently. The plume boundary acts
as a wall for the secondary flow and the maximum mass flow for the stream is that which can pass through the area
<reated by the wall and the plume boundaries.

Aeradynamie Choke
l Mass Choke

T

\]
Eiector Nauke Primary Jot Boundary

Figure 10 Choking Mechanisms in a Confined
Ejector Systom

Tn order to determine the type of choking mechanism for the UAH ejector facility, the secondary flow static
prossures in the minimum geometric area of the strut gap were examined. If the choke is an asrodynamic choke it
will ocour in the strut gap Tegion. Figures 11 and 12 show the ratio of the wall static pressure (o the secondary flow
total pressure at each of the ten pressure tap locations in the strut gap. All of the chamber pressures testod are shown
on the plots.



Because of the scale of the plots and the proximity of several sets afdata, uncertainty bars are not shown. The
uncertainties for these data points range from 0.5% to 3.5%. Tmtheﬁgures shows the sonic limit
(Ps/Pos = 0.328 for y = 1.4). A pressure ratio at or below this point would Thdicate the presence of an acrodynamic
choke.

Imm;mmmmmmiam,mmmwmmmm«mmm
limit. When the chamber prossure reaches & value of around 600 psi (single nozzle) and 350 psi (dual nozzle), the
prmmmmqutomw(awmmemhmm This moveoment away from the sonic limit would
indicate that the flow in the strut gap is not choked in this region at these higher pressures,

Figures 11 and 12 show prossure ratios measured in the two tests of Figs. 9 and 10 for chamber pressures
between 500 and 980 psi. The plot scale is expanded and uncertainty bars have been added. As can be seen, the
plots become very congested when uncertainty bars are shown. These plots indicate the flow is approaching an
acrodynamic choke in the strut gap region when for chamber pressures around 650 psi. However, as the chamber
pressure is increased beyond 630 psi, the pressure ratio obviously begins to inerease away from the sonie limit. At
the highest chamber pressures of each figure the secondary pressure ratio is well above the sonie ratio suggesting
that an acrodynamic choke does not ooour in the strut gap region. These results indicate a complex change in flow
behavior when the driving primary jet pressure increases between 600 and 700 psi. The mixing duct pressures were
next evaluated 1o help clarify this phenomena.
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Figure 11 Single Nozzle Strut Gap Pressure Ratios  Figure 12 Duasl Nozzle Strut Gap Pressure Ratios

memm% for both nozzles, the pressure ratio drops as the flow approaches the nozzle exit
plane. From a test to test stand point, as the chamber pressure is increased, the strut gap pressure ratio decreases and
approaches the sonic limit. When the chamber presswre reaches a value of around 630 psi, the pressure ratio begins
to increase (away from the sonic limit). This movement away from the sonic limit would indicate that the flow in
the strut gap is not choked at these higher pressures.

Figures 13 and 14 shows pressure ratios measured for the single nozzle strut at chamber pressure set points
between 300 psi and 900 psi and for the dual nozzle strut at chamber pressure set points between 230 psi and 450
psi. The plot scales are expanded. These plots indicate the flow is approaching an aerodynamic choke in the strut
$2p region for chamber pressures arownd 630 psi (single nozzle) and 330 pai (dual nozzle). However, as the
chamber pressure is increased above these values, the pressure ratio obviously begins to increase away from the
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sonic limit, Atﬁeﬁgheﬂchmbwmmmofm&fwﬂwmmmjnﬁohwm:mmm
ratio suggesting that an aerodynamic choke does not occur in the strut gap region. fop the Dual Nozzle Fig, 14, the
pressure ratio appears to reach the sonic limit in the strut gap region, however the movement away from this
pressure limit at higher chamber pressures, while the mass flow remains constant (Fig. 4) indicates that an
aerodynamic choke is not prosent in this region. The uncertainty bars (if shown) would indicate that the true value
may be above the sonic limit. These results do however; indicate a complex change in flow behavior when the
driving primary jet presswre increases. The mixing duct pressures were mext evaluated to help clanify these
phenomena.
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D. Mass Flow Calculations

Figure 4 indicated that the secondary flow becomes choked around a pressure of 500 psi for the single nozzle and
230 psi for the dual nozzle At these point Figs. 11-14 indicate that the secondary pressure ratios in the strut gap are
not within the sonic limit. This suggests that the secondary flow choking must be a mass addition choke in the
mixing duct downstream of the strut. As chamber pressure is incroased, there is little to no observable change in the
secondary mass flow rate. This trend alone does not cenclusively prove that the choke does not change from a mass
flow choke to an aerodynamic choke. However, if it is assumed that an acrodynamic choke occurs in the stru gap,
the mass flow rate can be estimated from the secondary flow stagnation temperature and pressure according to the
classical one-dimensional, ideal flow equation

6

Jr'R'To

where A is the cross sectional area of the strut gap region. Based a secondary flow total pressure of approximately
14.7 psi, Bq. (6) produces a maximum mass flow of 3.2 Ibm/s for the secondary flow stream. Figure 4 indicates that
the secondary mass flow chokes with a mass flow equal to 2.3 bm/s,




Equation (6) is an ideslized equation that yields an order of magnitude value. It neglects many azpects of the
flow which may lower the estimates of mass flow such as boundary layers, non-uniform velocity profiles, thermal,
and visoous effoots. The mass flow rates shown in Figs. 4 and S are also idealized to some extent. The Pitot-static
prossure ratios were measured on the duct centerline and used to caloulate a Mach number, The secondary flow was
assumed 0 be incompreasible based on the resultant caloulated Mach numbers that were loss than 0.3 (see Fig. 7).
The density and temperature of the secondary flow to this point were assumed to be constant, The temperature was
used to caloulate a speed of sound. The speed of sound was then used to caleulate velocity from Mach number.
Finally, the secondary mass flow rate wes determined from velocity and density.

Although the imcompressible flow assumption seems reasonable, there is an unknown veloeity profile across the
duct. The caloulated secondary mass flow rate is based on the maximum centerline velocity and is thus somewhat
larger than the actual value. Even if the non-ideal nature of the duct flow is accounted for, the i
determined mass flow rate is approximately 2/3 of the theoretical value required for an aerodynamically choked
flow. Although the strut gap pressure ratios indicate slightly inconsistent results, it is believed the secondary flow
choking is most likely due to a mass choke downstream of the rocket exit plane rather than an aerodynamic choke in
the strut gap.

E. Mixing Section Static Pressures

Static pressure measurements along the centerlines of the top and side walls of the duct downstream of the strut
exit planc are used to evaluate mixing of the primary and secondary flow streams, Figure 15 shows a plot of the top
and sidewall pressures for the single nozzle strut at a chamber pressure of 200 psi. Figure 16 shows a plot of the
mixing duct pressure distribution for the dual nozzle strut at 100 psi chamber preasure (mass flow compareble to 100
psi in the single nozzle strut). The pressures in the figure have been normalized by dividing by the secondary flow
total pressure at the inlet (the lab atmospheric pressure),
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Figure 15: Mixing Duct Preasure Distribution Figure 16 Mixing Duct Pressure Distribution
Single Nozzle Strut (Pc w 200 psf) Duel Nozzle Strut (Pc = 100 psl)

As can be seen in both figures, the side wall pressure at the nozzle exit starts at a value approximately equal to
the last strutgap pressure ratio, then gradually recovers. In both cases, pressure has recovered between 15 to 20
inches downstream. The top wall pressure trace shows that initially near the base of the strut there is a region of
high pressure as the secondary flow tries to turn the comer around the strut. This is believed to be a region of
soparated flow. Approximately 0.5 inches downstream of the exit plane, the top wall pressure drops sharply to
match the sidewall pressure and then begins & gradual recovery until it reaches a pressure ratio value near 1 at
between 13 0 20 inches downstream of the exit plane. These tronds were common in both single and dual nozzle
plots for the lower chamber pressures tested (100 to 500 psi for the single nozzle, and 50 to 250 psi for the dual
nozzle). For all of those lower prossures, the recovery location varied little. Top and side wall pressures recovered
between 15 to 20 inches downstream of the nozzle exit plane. However, the magnitude of the initial pressure drop
increased with inereasing chamber pressure. The pressure traces of the top and sidewall track cach other very well,
The flow is considered to be fully mixed at the point where the two pressures equalize with atmospheric pressure,
approximately 23 inches downstream.




For higher chamber pressures, Po > 600 psi (single) and Po >300 pei (dual) the pressure distribution plots
showed a different trend. Figures 17 and 18 show the mixing duct pressure distributions for the single nozzle at a
chamber pressure of 800 and for the dual nozzle at a chamber pressure of 400 psi respectively.
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In Figures 17 and 18, the sidewall pressure ratio continues to decroase after passing the strut exit plane and then
reaches a region of approximately stable pressure with some pressure diseontinuities due 1o flow structure, then
begina to recover farther downstream. But the mixing length for these higher chamber pressures is considerably
longer than for the lower pressure cases. In both figures, the top and sidewall pressures do not equalize with
atmospheric pressure by the end of the duct. This is an indication of poor flow mixing in the duct. The region of
separation within the first balf inch of duct downstream of the strut is still visible in the first two measurements of
the top wall pressure trace. In Figure 17, the pressures have just started to recover, however for the dual nozzle strut
at the same mass flow (Figure 18) the prossure begins to recover around 15 in. downstream of the strut exit,
Additionally, there appear to be discontinuities in the pressures in the first 15 inches of the duct. This is particularly
evident in the wop wall trace. These spikes and dips in pressure are attributed to shock structure in the duet.

The data in Figure 18 has much larger uncertainty than previoua figures. This trend was commen in the plots
with the “high pressure® data trend. This large uncertainty is due to the unsteadiness of the flow, rather than
traditional uncertainty. Plans are underway for additional tosting with high speed pressure transducers to record
these tarbulent fluctuations.

Because the embedded rocket nozzles are designed for optimum expansion at a chamber pressure around 650
pei at sea level pressure, the change in bohavior of the pressure traces was initially believed to be due to the
transition in plume behavior from over expanded to ideal then under expanded.” However in light of the dual nozzle
data, It is believed that this change in behavior is due to momentum eoffocts, as it oocurs around the same mass flow
for the dual and single nozzles. For the single nozzle strut, the transition ocourred between chamber pressures of
600 psi and 700 psi. For the dual nozzle strut, this transition ocours around 330 pai, which was one of the chamber
pressures investigated. At this pressure, both pressure distribution trends were recorded in different tests, In some
tests, the transition woukd ocour half way thwough the test. It is believed that humidity has an influence on the
pressure trend as well, On days with high humidity, the “low pressure” data trend would be recorded at a chamber
pressure of 350. However, if the humidity was low, the “hugh pressure™ data trend would be recorded.

For the “high pressure” data trend, the duct length required for recovery to atmospheric pressure, seems to be a
function of chamber pressure. This can be seen in comparing figures 17 and 18. In figure 18, the total pressure is
much less than the total pressure for the single nozzle equivalent mass flow (not to be confused with static pressure
in the mixing duct shown on the plot). As a result, the dual nozale bogins to Tecover around 135 inches downstream



of the nozzle exit, while for the single nozzle the pressure does not begin to recover until much further downstream
(approximately 36 inches).

An additional trend was noted in the dual nozzle strut pressure distributions that was not soem in the single
nozzle distributions. This trend ooccurred for mid range pressures in the dual nozzle strut (Pe = 200 psi - 300 psi).
Figure 19 and 20 show the mixing duct wall pressure distributions for the single nozzle at a chamber pressure of 500
psi, and the dual nozzle st a chamber pressure of 250 pai
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Figure 19 Single Nozzle Mixing Duct Pressure  Figure 20 Dual Nozzle Mixing Duct Pressure
Distribution (Pc = 600 pai). Profile (Pc = 300 psi).

In Figure 20, there is a “hump” in the top wall pressure distribution that occurs approximately 4 inches
downstream of the exit plane. This “hamp™ appears at 230 psi, and becomes more pronounced until the pressure
distribution trend change occurs around 350 pal. This hump is not present in the single nozzle pressure profiles of
equivalent mass flow, and is believed to be due to the nozzle geometry offects (2 nozzles as opposed to 1 nozzle).

V1. Conclusions

This paper presents the results of a series of tests on a single nozzle and a dual nozzle strut based eyector. The
tests were conducted at various primary chamber pressure setpoints ranging from 100 to 900 psi (single nozzie) and
30 10 430 psi (dual nozle). Chamber eraperature in the strut rocket was not varied other than its response to
chamber pressure as an ideal gas. Lab air at atmospheric pressure was drawn through a contoured inlet into the duct.
Secondary and mixing duet exit, Mach numbers were determined from Pitot-static probe measurements. Mixing
duct static pressure distributions were also measured. Fluid behavior in the duct was examined with foocus on
miXxing of the flow streams, choking mechanisms of the secondary flow stream, mass flow entrainment.

A, Man Flow Augmentation

A ohoke of the secondary mass flow was demonstrated at a chamber pressure of 300 psi and 230 psi for the
single and dual nozzle ejectors respectively. This corresponds to a primary mass flow of approximately 2 lbm/sec in
both ejectors. From the examination of strutgap and duct wall static pressure profiles, it was concluded that the type
of choke which ocours in the duct for all of the pressures examined was & mass choke rather than a traditional
acrodynparaic choke. Although around some chamaber pressures, the pressare ratios in the strut gap region appeer 1o
approach the pressure ratio indicating an aerodynamic choke, the consistent value of the secondary mass flow which
i3 33% less then the theoretical value for an acrodynamic choke indicates that the mass choke is still present and that
the aerodynamic choke 18 never truly reached.

Ratios of secondary to primary mass flow rate were investigated as a function of primary to secondary flow
total pressure ratio. Secondary total pressure remained constant since the induced flow was entrained from ambient
laboratory conditions. The largest mass flow augmentation occurred at the lowest primary total pressure setpoints.
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As primary tolal pressure increased, primary and secondary mass flow both increased until the mass flow
choked. Primary maas flow continued to increase with increasing setpoint pressure, while seco mass flow
remained constant after the ohoking point. This caused the mass flow ratio to decrease shaxply

The secondary flow choked &t e corresponding Mach number of 0.3 end a primary cha pressure of
approximately 300 psi (single nozzle) and 230 psi (dual nozzle). Mixing duct exit Mach number/ were determined
and found to reach a sonic exit core flow for chamber pressures above 700 psi (single nozzle) and 350 psi (dual
nozzle). In goneral, the exit Mach numbers were less than expected, and may be atributed to the enhanced mixing
and three-dimensional effeots of the asymmetriec geometry, or losses in the long the mixing duct.

B. Mixing Duct Pressure Distributions

Two distinot patterns were visible in the pressure distribution plots of the mixing duct. For chamber pressures
below 700 psi (single nozaie) and 330 pai (dual nozzle) the pressure traverses along the duct top and sidewalls
revealed a possible top wall recirculation zone within the first 0.5 inches of the duet followed by & sharp decrease in
pressure ratio. The minimum pressure ratios for the top and sidewalls decrease with increasing primaary driving
preasure. The sidewall pressures in the region betwoen § and 10 inches oxhibit a significant dip in comparison to
the pressures on the top wall. This may indicate some type of local flow aceeleration due to boundary layer growth.
This may also be due to a different spreading rate of the supersonic core flow toward the sidewalls of the duct than
toward the top and bottom walls.

For chamber pressures at or above 700 psi (single) and 350 psi (dual), the pressure traces revealed the same
possible top wall recirculation zone within the first 0.3 inches of the duct followed by a sharp decrease in pressure
ratio. This was followed by a more gradual pressure ratio drop to a value equal to approximately 0.3, This pressure
ratio was relatively constant along the duet until a gradual recovery region oours in which it appears the pressure
ratio is trying to recover to the exit pressure. For single nozzle at the highest chamber proasures recorded, the duct
does not appear to be long enough for the pressure to fully recover to atmospheric conditions. This is indication that
at these high pressure ratios, the duct exhibits poor mixing boetween the secondary and primary flow streams. The
higher chamber pressure plots also indicate the presence of shock structure in the duet evidenced by sharp
discontinuities in the pressure ratios.

C. Comparison to Previous Studies

Comparisons to previous UAH PRC cold-flow mixing studies of & two-nozzle eonfiguration provided insight
into locations of suspecied choking mechanisms. Mass chokes were clearly identified in the present study where
they had not been in previous studies, Data was reconstructed from the twin nozzle studies in order to identify
choking points. Although uncertainty information was lacking, it was concluded that the secondary flow chokes at
approximately the same primary mass flow rate for both the twin and single nozzle configuration as found in the
prosent study. However, the total pressure for the two nozzles is half that of the single nozzle. This is consistent
with momentum similarity.

Resultsﬁomthepteoentsmdywmeompatedtohot-ﬁreremhsobtnmedmtost:atﬁw?SUﬁnpdm
Fngineering Rescarch Cenmter'’. The PSU ejector investigations included both a single and twin strut rocket
configuration. The conclusions from PSU twin thruster tests suggested that the mixing length is a function of the
number of strut rockets, However, the present cold-flow study shows that the mixing length in the duct is also &
significant function of primary mass flow (and hence chamber pressure). The twin rocket study at PSU shows an
enhancement in the entrained mass flow over the single thruster configuration, However, in light of the present
investigation of choking mechanisms, this effect is only true if the nozzles are operated below the mass addition
choke threshold. Had the primary pressure of the single and twin thrusters been operated above this threshold, it is
believed that entrained mass flow properties would be the same regardless of the number of thrusters employed.
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